To improve the anti-tumor effects of rhein and aloe-emodin, a rhein-aloe-emodin hybrid molecule (RH-AE) was synthesized from rhein and aloe-emodin in the presence of dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP). Chemical and spectroscopic methods, such as 1 H and 13 C NMR spectroscopy, and HR-ESIMS were used for the structure identification of RH-AE. Using the cell counting kit-8 (CCK-8) assay, the in vitro anti-tumor effects were compared between RH-AE, rhein and aloe-emodin on human hepatoma HepG2, human nasopharyngeal carcinoma CNE, human lung cancer NCI-H460, human ovarian cancer SK-OV-3, and human cervical cancer Hela cells. The results showed that the half inhibitory concentration (IC 50 ) of RH-AE on HepG2, CNE, NCI-H460, SK-OV-3, and Hela cells were significantly lower than those of rhein and aloe-emodin. This showed that RH-AE has a better in vitro anti-tumor effect than rhein and aloe-emodin.
Rhein (1) and aloe-emodin (2) , mainly distributed in species of Polygonaceae, are the effective and signature ingredients in rhubarb, a traditional Chinese medicine. Both rhein and aloeemodin have certain anti-tumor effects. Rhein suppresses cell proliferation in human breast, central nervous system, colon, and lung cancer cells [1] , as well as inducing apoptosis in various human cancer cell lines [2] . Aloe-emodin has been reported to have antitumor activity against neuroectodermal tumors [3] , neuroblastomas [3] , lung carcinoma [4, 5] , leukemia [6] , promyeloleukemic HL-60 cells [7] , and hepatoma cells [8] . However, their anti-tumor activities are not sufficiently high for clinical application.
In an attempt to improve the anti-tumor effects of rhein and aloe emodin according to combination principles, a rhein-aloe emodin hybrid molecule (RH-AE) was synthesized for the first time from rhein with aloe-emodin in the presence of dicyclohexylcarbodiimide (DCC) and 4-dimethylamino-pyridine (DMAP).
DMAP is an efficient catalyst, which has been widely used in chemical synthesis in recent years. It is used as a catalyst for esterification as the reaction conditions are mild and can react at room temperature in polar and non polar organic solvents. In this study, DMAP was chosen as the reaction catalyst for the reaction between rhein (RH) and aloe emodin (AE), and DCC as the dehydrating agent.
RH-AE was prepared as outlined in Figure 1 . It was obtained as a yellow powder from acetone (mp 281°C ~ 282°C). The compound gave positive Feigl (purple), Bornträger (red), and FeCl 3 (black) reactions, suggesting that RH-AE is a hydroxy anthraquinone. The UV spectrum (MeOH) showed bands at 256 (benzene-like structure), 290(quinone-like structure) and 432 (carbonyl of the quinone-like structure) nm, suggested that RH-AE is a dihydroxy anthraquinone. The infrared (IR) spectrum showed absorption bands for hydroxyl (3479 cm -1 ), free carbonyl (1670 cm -1 ), and chelated carbonyl (1626 cm -1 ); the frequency difference between a free carbonyl and chelated carbonyl was 44 cm -1 ,which showed that the substance is a 1,8-dihydroxy anthraquinone. Its HR-ESIMS provided a molecular ion at m/z 536.4401 (calcd. 536.4420), suggesting a molecular formula of C 30 H 16 O 10 . The 1 H-NMR spectrum showed a chelated hydroxyl group at δ 11.90 (s). Eight aromatic protons and one C-methylene signal (δ 5.63, s) were also observed. The aromatic protons at δ 7.89 (1H, dd, J = 1.3, 7.6Hz), 7.95 (1H, dd, J = 7.6, 7.8Hz) and 7.46 (1H, dd, J = 1.3, 7.8Hz) formed an ABC spin system. In addition, the aromatic protons at δ 7.72 (1H, dd, J = 1.2, 7.5Hz), 7.81 (1H, dd, J = 7.5, 8.2Hz) and 7.38 (1H, dd, J = 1.2, 8.2Hz) formed another ABC spin system. The 13 C-NMR and DEPT spectra showed 20 signals, comprising ten methine, one methylene, and nine quaternary carbon signals. The 13 C-NMR spectrum of RH-AE indicated four oxygenated aromatic carbons at δ 162.4, 162.7, 161.9 and 161.5, and five carbonyl carbons at δ 191.2, 181.0, 187.5, 183.3 and 156.2. In RH-AE, the methylene protons signal was at δ5.63, and the carbon at δ75.2; while in aloe emodin the methylene protons signal was at 4.64 [9] , and the carbon at 62.6 [9] . This showed the conversion of aloe emodin into RH-AE. Thus, on the basis of the above spectral data, we propose the structure of RH-AE to be rhein-aloe emodin ester.
Cell Counting Kit-8 (CCK-8) is a reagent box used to detect cell proliferation, cell survival and cell toxicity based on a watersoluble tetrazolium salt,WST-8{2-(2-methoxy-4-nitrophenyl)-3-(4nitrophenyl)-5-(2,4-benzene disulfonate)-2H-tetrazolium monosodium salt}. CCK-8 is an alternative to MTT assay. During the process of metabolism of living cells, in the presence of 1-methoxy PMS, the WST-8 in cells produces soluble orange formazon. The formazan generated is proportional to the number of living cells. General measurements: Melting points are uncorrected. 1 H and 13 C NMR spectra were determined using a JEOL 500 MHz spectrophotometer, using DMSO-d 6 as solvent. Chemical shifts are given in ppm with TMS as internal reference. J values are given in Hertz. The FT-IR spectra were measured on a PK-60000 FT-IR spectrophotometer in KBr pellets. The HR-ESIMS were recorded on a JEOL JMS-HX-110 mass spectrometer. CC was performed with silica, 100-200 mesh, and reactions were monitored by TLC with silica plates.
Preparation of RH-AE:
Rhein (3.39 g, 12 mmol), aloe-emodin (2.70 g, 10 mmol), DMAP (0.61g, 5 mmol), DCC (4.12 g, 20 mmol), and DMF (100 mL) were added to a 250 mL round bottom reaction vessel at 0°C. The mixture was left for 0.5 h at 0°C while stirring. The mixture was then allowed to gradually rise to room temperature, and then left for 2.5 h, while stirring. The reaction progress was tracked by silica gel TLC, with light petroleum (60~90°C) and ethyl acetate (25:1) as development solvent. The mixture was left for 24 h, then filtered; the filtrate was about 87 mL.
The solvent was removed using a rotavapor, and the residue was washed 3 times with a small quantity of light petroleum (60~90°C Cell culture: All cell lines were cultured in multi-well plates at 37°C in a humidified atmosphere of 5% CO 2 with RPMI-1640 medium containing 10% fetal bovine serum with 50U/mL penicillin and 50 μg/mL streptomycin.
Cell proliferation assay:
In vitro anti-cell proliferative effects of RH-AE, rhein and aloe-emodin were determined on human hepatoma HepG2, human nasopharyngeal carcinoma CNE, human lung cancer NCI-H460, human ovarian cancer SK-OV-3, and human cervical cancer Hela cells using the CCK-8 assay. Briefly, cells were counted, transferred into 96 well microtiter plates, and incubated for 24 h prior to the addition of test compounds. Compounds were dissolved in DMSO and diluted in sterile media, as necessary, to obtain the appropriate concentration. Exponentially growing cells of HepG2, CNE, NCI-H460, SK-OV-3 and Hela were made into single cell suspensions with 0.25% trypsin, at a cell concentration of 1×10 5 /mL. Ninety μL cells was seeded into each well of a 96-well plate. The HepG2, CNE, NCI-H460, SK-OV-3 and Hela cells were incubated for 24 h before they were treated with rhein, aloe-emodin or RH-AE, which were in a medium containing 0.1% DMSO, which showed no inhibitory effect on cell growth. Three independent experiments were performed using 6 different final drug concentrations (5, 10, 20, 40, 80, 160 μm). To each well was added 10 μL of the appropriate drug. Control cells were treated with an equal volume of serum-free RPMI 1640 containing 0.1% DMSO. After cells had been cultured for 48 h, 10 μL CCK-8 was added to each well. One hour later, the cell concentrations were recorded with an automated microplate reader at 450 nm. Each sample was assayed in triplicate, and each assay was repeated twice. Results are expressed as the concentration yielding 50% inhibition (IC 50 ). The inhibition rate (%) = [(A control − A experiment )/A control ] × 100%.
Statistical analysis: Data were expressed as mean ±SD. One-way analysis of variances and Fisher's least significant difference were performed using SAS 8.13. Differences were significant at P< 0.05.
